Persistence of local-moment antiferromagnetic order in Bai_ z K x Mn2As2 
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BaMii2As2 is a local-moment antiferromagnetic insulator with a Neel temperature of 625 K and a large 
ordered moment of 3.9 /iB/Mn. Remarkably, this compound can be driven metallic by the substitution of as 
little as 1.6% K for Ba while retaining essentially the same ordered magnetic moment and Neel temperature, 
as previously reported. Here, using both powder and single crystal neutron diffraction we show that the local 
moment antiferromagnetic order in Bai_ I K :c Mn2As2 remains robust up to x = 0.4. The ordered moment is 
nearly independent of x for < x < 0.4 and Tn decreases to 480 K at x = 0.4. 



PACS numbers: 74.70.Xa, 75.25.-j, 61.05.fm, 75.30.Kz 

The compound BaMn 2 As 2 is of great interest because it 
is closely related to the parent compounds of the iron pnic- 
tide superconductors, but is also a local moment G-type an- 
tiferromagnet, similar to parent compounds of the cuprate 
superconductors. For both the iron pnictides and high-T c 
cuprates, superconductivity appears upon the suppression of 
long range antiferromagnetic (AFM) order of their parent 
compounds via chemical substitution or pressure.^ In the 
iron pnictides, superconductivity is induced by hole or elec- 
tron doping of the parent system into the metallic state, and the 
AFM order is widely considered to be best characterized as a 
spin density wave arising from itinerant electron carriers J£ 
In the cuprates, superconductivity is induced by electron or 
hole doping into the Mott-Hubbard type insulating phase of 
the parent system and the AFM order arises from local mo- 
ments. Since BaMn2As2 shares characteristics of both classes 
of high-T c superconducting families it represents a bridge be- 
tween these families that may shed further light on the nature 
of superconductivity in these compounds^ 

Electrical resistivity and specific heat measurements on 
powders and flux-grown single crystals of BaMn2As2 
have demonstrated that this compound is a small-band-gap 
(Egap ~ 0.05 eV) semiconductor with an electronic linear 
specific heat coefficient 7 = 0, consistent with an insulating 
ground state.- Below Tn = 625 K, BaMn2As2 orders into a 
G-type AFM structure (a collinear AFM structure in which 
nearest-neighbor Mn moments in the tetragonal basal plane 
are antiparallel and successive planes along the c axis are also 
antiferromagnetically aligned) with an ordered moment at 1 
K of [i = 3.88(4) /ie/Mn aligned along the tetragonal c axis.- 
Further extensive experimental and theoretical studies estab- 
lished that the Mn 2+ ions possess local moments with spin 
S = |. 7 Because of the substantial ordered local moment, 
as compared to the smaller ordered itinerant moment (~ 1 
/ie/Fe) characteristic of the iron pnictides, it was suggested 
that chemical substitutions might suppress the AFM order and 
induce large magnetic fluctuations leading to high values of 
T c .^2 Unfortunately, transition metal substitutions on the Mn 
site and Sb substitution for As either show limited solubility 
or, in the case of Cr and Fe, do not alter the properties of the 



parent phase in any significant way i 10 ' 

It was recently demonstrated, however, that K substitution 
for Ba, or the application of external pressure, dramatically al- 
ters the electronic properties. J 1 *^ The substitution of as little 
as 1.6% of K for Ba in Bai_ 2; K 2 ;Mn2As2 results in a metal- 
lic ground state J 1 - A similar transition to a metallic state was 
observed at an applied pressure of 4.5 GPa at 36 K, or ~ 5.8 
GPa at 300 K in undoped BaMn2As2. 12 Furthermore, at least 
for K substitution, both magnetic susceptibility and magnetic 
neutron diffraction measurements demonstrated that the lo- 
cal moment AFM order is robust since Tn and the ordered 
moment of the x = 0.05 K-substituted sample changed only 
slightly [T N = 607(2) K and /x = 4.21(12)/x B /Mn] from the val- 
ues obtained for the parent compound. Recent studies of more 
heavily K-doped crystals (x = 0.19 and x = 0.26) have in- 
dicated the presence of weak ferromagnetism below approx- 
imately 50 K, with small low-T saturation moments of 0.02 
- 0.08 /ie/Mn aligned in the afe-plane, that coexists with the 
Mn AFM order.— Our present neutron measurements are not 
sensitive to this small ferromagnetic component. 

Two important issues regarding the magnetism in the K- 
substituted BaMn2As2 are addressed in this Rapid Commu- 
nication via neutron diffraction measurements on poly crys- 
talline and single-crystal samples. First, we find that the G- 
type AFM order, with the moment directed along the c axis, 
is very robust for x up to our limit of 0.4, and the magnitude 
of the ordered moment per Mn, \i, is nearly independent of 
x. However, Tn decreases by « 140 K at x = 0.4. These re- 
sults contrast with the corresponding behaviors observed for 
the AFe2As2-type (A = Ba, Sr, Ca) compounds where Tn and 
[i are both suppressed for even small elemental substitutions. 1 

Polycrystalline samples of Ba 1 _ :c K ;2 ,Mn2As2 were synthe- 
sized by solid-state reaction using Ba (99.99%) from Sigma 
Aldrich, and K (99.95%), Mn (99.95%) and As (99.99999%) 
from Alfa Aesar. Stoichiometric mixtures of the elements 
were sealed inside Ta tubes that were then sealed in evacu- 
ated quartz tubes. The samples were heated to 585 °C at a 
rate of 40°C/h, held there for 20 h, then heated to 620 °C 
at a rate of 7 °C/h, held there for 20 h, and finally heated to 
750 °C at 40 °C/h and held there for 30 h. After furnace cool- 
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FIG. 1. (Color online) Neutron diffraction profile fits from 
Rietveld analysis for nuclear and magnetic Bragg reflections from 
Bao.75Ko.25Mn2As2 at 14 K and 600 K. The observed data points 
are given by red circles, the calculated intensity pattern by black 
solid lines and corresponding residual (i.e., the difference between 
observed and calculated pattern) by the blue curve at the bottom. 
Small angular regions that contain peaks from the MnO second phase 
were excluded in the refinement. The green vertical upper tick marks 
reflect the Bragg positions for nuclear reflections and lower green 
tick marks give the Bragg positions for magnetic reflections. 



ing, the samples were thoroughly ground, pelletized and again 
sealed in Ta tubes which were subsequenty sealed in evacu- 
ated quartz tubes. The samples were heated at 850 °C and 
then at 1 100 °C for 25 h and 65 h, respectively. Then the tem- 
perature was raised to 1 150 °C and held there for 5 h, and the 
samples were then quenched in liquid nitrogen. 

Single crystals of Bao.6Ko.4Mn2As2 were grown using 
MnAs flux. The starting materials Ba, K and MnAs were 
taken in a ratio of 0.2 : 0.8 : 5 and placed in a 2 mL alu- 
mina crucible which was sealed inside a 5/8 inch diameter 
Ta tube. The Ta tube containing the sample was sealed inside 
a quartz tube filled with argon at re 1/4 atm. pressure, heated 
to 700 °C at 100°C/h, held there for 10 h, heated to 1230 °C 
at 50 °C/h and held there for 5 h and finally cooled to 1 1 10 °C 
in 70 h. At this temperature the excess flux was decanted us- 
ing a centrifuge and shiny plate-like crystals of typical size 
4 x 4 x 0.2 mm 3 were obtained. The chemical composition of 
the crystals was determined using wavelength dispersive x-ray 
spectroscopy in a JEOL JXA-8200 Superprobe electron probe 
microanalyzer to be Ba .6o=F0.02Ko.40±o.02Mn 2 As2. This 
chemical analysis showed that the potassium concentration in 
the crystals was substantially smaller than the starting ratio 
Bao.2Ko.8- 

Neutron powder diffraction measurements were performed 
on the high-resolution powder diffractometer at the Univer- 
sity of Missouri Research Reactor using a double focusing Si 
(511) crystal monochromator to select neutrons with a wave- 
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FIG. 2. (Color online) Neutron diffraction data collected in the first 
segment of the powder diffraction pattern from Bai_ a; K a ;Mn2As2 (x 
= 0.05 and 0.25) in the high-temperature furnace. The background 
from the empty furnace, measured at 300 K, has been subtracted from 
the data at each temperature. 



length A = 1 .4803 AJ£ The monochromator is optimized for 
the use of small samples, and a position-sensitive detector col- 
lects a series of 19° sections of the diffraction pattern; the full 
diffraction pattern was measured in five steps (2# max = 108°). 
The powder diffractometer uses a radial oscillating collimator 
averaging the shadow of the collimator blades at every chan- 
nel. The powder samples were loaded into vanadium holders 
and diffraction patterns were taken between 14 K and 300 K 
using a closed-cycle refrigerator, and between 300 K and 650 
K using a high-temperature furnace. Analysis of the neutron 
diffraction data was performed by the Rietveld method using 
FULLPROF^ 

Single-crystal neutron diffraction measurements were per- 
formed on a 27 mg sample of Bao.6Ko.4Mn2As2 using the 
HB1A triple-axis spectrometer at the High Flux Isotope Re- 
actor at Oak Ridge National Laboratory. The experiment was 
performed with collimations of 48'- 40'- 40'- 136', a fixed in- 
cident neutron energy of 14.6 meV, and two pyrolytic graphite 
filters for the elimination of higher harmonics in the incident 
beam. The single crystal was mounted in a high-temperature 
displex cryostat (30 K - 700 K) with the (H0L) reciprocal 
lattice plane coincident with the scattering plane. 

Examples of the powder profile refinement at 600 K (above 
Tn) and at our base temperature of 14 K for polycrystalline 
Bai_ a; K 2 ;Mn2As 2 (x = 0.25) are shown in Fig. Q] The Ri- 
etveld analysis of the neutron diffraction data showed that 
both the x = 0.05 and x = 0.25 polycrystalline samples re- 
tain the I4/mmm space group over the entire temperature 
range of these measurements (see Table |TJ. No second phase, 
at a detection limit of 1.5 wt.%, was found for the x = 0.05 
sample although approximately 2.2 wt.% MnO was detected 
as a second phase for x = 0.25. The refined base temper- 
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TABLE I. Results of the profile refinements from the powder (x = 0, 0.05, 0.25) and single-crystal (x = 0.4) neutron diffraction measurements. 
Listed are the a and c lattice constants, the unit cell volume (V cc n), the position parameter for the arsenic atoms (jzas), the Neel Temperature 
(Tn) and low-temperature ordered magnetic moment (/i). Errors are given as one standard deviation. 
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BaMn 2 As 2 


4.1539(2) 


13.4149(8) 


231.47(2) 


0.3613(2) 


625(1) 


3.88(4) 


T = 10 K, Ref.,5 


Ba .95Ko.o5Mn 2 As2 


4.1563(4) 


13.4046(13) 


232.57(4) 


0.3642(5) 


607(2) 


4.21(12) 


T=14K 


Ba .75Ko.25Mn 2 As2 


4.1569(3) 


13.3072(12) 


229.95(4) 


0.3621(4) 


575(4) 


4.25(12) 


T= 14 K 


Bao.6Ko.4Mn2As2 










480(2) 


3.85(15) 


T = 30 K, single crystal 



ature lattice parameters for x = 0.05 and 0.25 demonstrate 
the contraction of the c-axis lattice parameter with respect to 
BaMn2As2, measured at 10 K, consistent with the introduc- 
tion of the smaller K ion on the Ba site. 

The magnetic structure for both the x = 0.05 and 0.25 poly- 
crystalline samples at T = 14 K were refined in the space 
group PI allowing for the possibility of complex magnetic 
structures. However, only the G-type AFM structure was nec- 
essary to fit the powder diffraction profiles. For this AFM 
structure magnetic Bragg peaks are found at reciprocal lattice 
points (HOL) with H and L odd, coincident with the allowed 
nuclear reflections. 
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FIG. 3. (Color online) Integrated intensity of the (10 1) magnetic 
Bragg reflection measured for Bai_ a; K :r Mn2As 2 (£ = 0.05 and 0.25). 
Note that there is a low intensity nuclear Bragg peak at (1 1) present 
at all temperatures for both samples. The insets show expanded plots 
near Tn for both samples. 

To monitor the temperature dependence of the AFM or- 
der we followed the evolution of the diffraction pattern in the 
vicinity of the (10 1) diffraction peak which manifests small 
nuclear and large magnetic contributions. The data for both 
samples are summarized in Figs. [2] and [3] establishing Tn = 
607(2) K and 575(4) K for the x = 0.05 and 0.25 samples, re- 
spectively. The refined values for the ordered moments for x = 
0.05 and 0.25 were 4.21(12) /i B Mn and 4.25(12) /z B /Mn, re- 



spectively, showing little change or, perhaps, a small increase 
at these doping concentrations relative to the ordered moment 
previously determined for the parent BaMn2 As2 compound of 
3.88(4) ^ B /Mn^ 

Fig. [4] shows the temperature dependence of the integrated 
intensity of the (10 1) magnetic and nuclear Bragg peak for 
the single-crystal Bao.6Ko.4Mn2As2 sample. The residual in- 
tensity above Tn = 480(2) K is, again, the nuclear contribu- 
tion to the Bragg scattering whereas the increase in inten- 
sity below Tn arises from the magnetic ordering in the G- 
type AFM structure. Using the (0 4) and (2 0) nuclear 
peaks for reference, the ordered moment at T = 30 K for 
the Bao.eKo.4Mn2As2 sample was determined to be 3.85(15) 
/te/Mn. The magnetic order parameter evolves smoothly as 
temperature decreases and does not show any clear evidence 
of an anomaly at low temperature that might signal a canting 
of the moment away from the c-axis to produce a ferromag- 
netic component. Furthermore, no anomalies in the intensi- 
ties of the Bragg peaks arising from the chemical structure 
were observed at low temperature, although some additional 
diffraction peak broadening was found below ~ 100 K. Exper- 
iments are planned to further investigate the proposed weak 
ferromagnetism'=at low temperature. 

A summary of the results for the four samples studied by 
neutron diffraction is presented in Tableland in Fig. |5]where 
we plot both Tn and the low-temperature ordered moment, 
IX, as a function of K concentration. The Neel temperature 
decreases only slowly over the entire range of compositions 
studied. For a rough estimate of the composition (x c ) where 
magnetic order may be fully suppressed, we assume a smooth 
variation in Tn with K-concentration. We found that a second- 
order polynomial fit to the the data for x < 0.4 (solid line) 
provides a good description of the observed trend in Tn versus 
x and, extrapolating the fit to higher K concentrations (dashed 
line), we obtain x c ~ 0.85. The maximum K concentration 
we have obtained so far is x ps 0.5. 

We also see from Fig.[5]that the magnitude of the ordered 
moment remains nearly constant over the composition range 
of these measurements, although there seems to be some ten- 
dency for a slight increase at the lower doping concentra- 
tions. Indeed, it has previously been suggested that a small 
increase in the ordered moment may result from a reduction in 
the spin-dependent hybridization between the Mn 3d and As 
4p states with K substitution^ This is also supported by the 
electronic structure calculations of Bao et al., who note that 
K-substitution weakens the p-d hybridization by reducing the 
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FIG. 4. (Color online) Integrated intensity of the (10 1) Bragg peak 
from the Bao.eKo.4Mn2As2 single-crystal sample. The dashed hori- 
zontal red line represents the contribution of the nuclear scattering to 
the Bragg peak intensity that is present at all temperatures. 




FIG. 5. (Color online) Summary of results for Tn (open circles) 
and the ordered moment (solid triangles) for Bai_ a; K a ;Mn2As2 as a 
function of K content. The solid (dashed) line represents a fit (ex- 
trapolation) of the data using a second order polynomial in x. 



found a sharp drop in the sample resistance at 17 K, suggest- 
ing a superconducting transition. However, it remains an open 
question, for further study, whether the magnetic properties 
of BaMn2As2 under applied pressure are similar to those of 
Bai_ :r K 2 ;Mn2As2 studied here. 

Insulator-to-metal transitions with doping and/or under 
pressure have also been found in compounds that are 
closely related to the 1111-type iron arsenides, including 
LaMnPO (Ref. H) and LaMnAsO.2 Similar to the case of 
Bai_ x K x Mn 2 As 2 , the AFM orderin F-doped LaMnPO i- x F x 
is robust for electron doping up to rather high F concen- 
trations, but no insulator-to-metal transition is realized for 
x < 0.3. Rather, the authors of Ref. 8 suggest that electron- 
doping results in the formation of states within the insulating 
gap that may be regarded as a precursor of the insulator-metal 
transition found for Bai_ x IC c Mn2As2. Interestingly, their 
electronic structure calculations predict a collapse of the in- 
sulating gap under applied pressure in two steps: the first to a 
metallic antiferromagnet with a reduced moment followed by 
a quenching of the Mn moment at higher pressure as the Mn- 
P distance decreases below a critical valued An insulator-to- 
metal transition was found for Sr-doped Lai-^Sr^MnAsO at 
x ~ 0.08 and, similar to what we find for Bai_ x K 2; Mn2As2, 
the Neel temperature is only gradually suppressed with in- 
creasing Sr doping. It is not clear from these measurements, 
however, how the ordered magnetic moment changes with Sr- 
doping in LaMnAsO^ 

In summary, it was previously found that the local- 
moment AFM ordering associated with Mn is preserved in 
Bai_ T Kj;Mn2As2 up to i = 0.05, even as the compound 
changes dramatically from a small-gap semiconductor to a 
metals We have shown here that this local-moment behavior 
is very robust for K concentrations up to, at least, 40%. This 
provides strong evidence that the magnetic exchange between 
the Mn spins is relatively insensitive to the addition of charge 
carriers via chemical substitution for Ba, and highlights the 
local-moment nature of AFM in BaMn2 As2 as opposed to the 
itinerant spin-density wave character previously found for the 
Bai_ a: K 2 ;Fe2As2 superconductor4ii£ 
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